Abstract. Breast cancer is one of the most common cancers affecting women worldwide. Conventional chemotherapy is still one of the major approaches to the treatment of breast cancer. Autophagy, also termed as type II programmed cell death (PCD), exhibits either a protumorigenic or antitumorigenic function. In the present study, we investigated whether autophagy could be involved in the effect of chemotherapy against breast cancer. Epirubicin, docetaxel, methotrexate, cyclophosphamide, fluorouracil (5-FU) and cisplatin were applied in the present investigation. All of these chemotherapeutics presented cytotoxicity against breast cancer cells. DsRed-LC3 reporter assay revealed that only docetaxel and cisplatin induced autophagy. Autophagy inhibitor 3-methyladenine (3-MA) strengthened the cytotoxicity of docetaxel, yet impaired the cytotoxicity of cisplatin, suggesting that docetaxel stimulates protumorigenic autophagy, while cisplatin-induced autophagy could be antitumorigenic. Real-time PCR revealed that cisplatin upregulated multiple autophagy-related genes, including AMBRA1, ATG3, ATG4C, ATG4D, ATG5, ATG7, ATG13, ATG14, ATG16L2, Beclin1, DRAM1, GABARAP, GABARAPL1, GABARAPL2, HDAC6, IRGM, MAP1LC3B and ULK1, indicating that cisplatin induced autophagy through a multiple mechanism involved manner.
Introduction
Breast cancer is one of the most common cancers affecting women worldwide, accounting for almost 23% of all cancers diagnosed in women (1) (2) . Although early detection, precise resection using wide margins and systematic adjuvant therapy have improved survival, breast cancer remains one of the leading causes of death among women (3) . Conventional chemotherapy is still one of the major approaches to the treatment of breast cancer, particularly for cases of breast cancer in stages 2-4, and is particularly beneficial in estrogen receptor-negative (ER -) disease (4) . Most chemotherapy medications work by destroying fast-growing and/or fast-replicating cancer cells, either by causing DNA damage upon replication or by other mechanisms.
Autophagy, also termed as type II programmed cell death (PCD), is a genetically programmed, evolutionarily conserved process that degrades long-living cellular proteins and organelles, including the endoplasmic reticulum, Golgi apparatus and mitochondria (5) . Autophagy is important in the normal development and cellular response to environmental stimuli. In addition, autophagy participates in numerous diseases, including bacterial and viral infections, neurodegenerative disorders, cardiovascular diseases and cancers (5) . Autophagy exhibits either a protumorigenic or antitumorigenic function, depending on the cell type, developmental stage of cancer and stimulator. Mechanistically, autophagy begins with sequestering cytoplasmic proteins or organelles in a membrane vacuole to form an autophagosome. Autophagosome formation is mediated by a set of evolutionarily conserved autophagy-related proteins (ATG proteins) (6) . Previously, we demonstrated that stimulation of autophagy could be a potential strategy for the treatment of breast cancer (5) .
In the present study, we investigated whether autophagy could be involved in chemotherapy against breast cancer and whether this participation could be protumorigenic or antitumorigenic. Moreover, mechanisms involved in this autophagic cell death by chemotherapeutics were also investigated. 
Materials and methods
Cell line and cultures. The human breast cancer cell lines MDA-MB-231 and MDA-MB-453 were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA). Cells were maintained in RPMI-1640 medium, supplemented with 10% fetal calf serum (both from Gibco, Grand Island, NY, USA), 100 U/ml penicillin and 100 mg/ml streptomycin. The cultures were incubated at 37˚C in a humidified atmosphere with 5% CO 2 . Cells were passaged every 2-3 days to obtain exponential growth.
Reagents. MTT assay. Cellular growth was evaluated by methyl thiazolyl tetrazolium (MTT) assay (7). Cells were seeded into 24-well tissue culture plates at 5x10 4 cells/well. After treatment, MTT (Sigma, St. Louis, MO, USA) was added to each well to a final concentration of 0.5 mg/ml, followed by incubation at 37˚C for 4 h. The medium was then removed, and 800 µl of dimethylsulfoxide (DMSO) was added/well. The absorbance in each well was measured at 490 nm using a microplate ELISA reader (Bio-Rad Laboratories, Hercules, CA, USA). The inhibition rate was calculated as follows: Inhibition rate = [(mean control absorbance -mean experimental absorbance)/mean control absorbance] x 100 (%). The concentration that caused 50% growth inhibition (IC 50 ) was calculated by the modified Kärber's method (7) according to the formula: IC 50 = lg -1 [Xk-i (Σp -0.5)], in which Xk represents the logarithm of the highest drug concentration; i, is that of the ratio of the adjacent concentration; and Σp, is the sum of the percentage of growth inhibition at various concentrations. TCGTCAGCCGCCTTCATTAT  CGAAACATCCCACCAATCC  262  GABARAP  TCAAACACCACCTCCCTTATTC  TGCCAACTCCACCATTACCC  94  GABARAPL1  GCCTGATCTGGACAAGAGGAAGT  ATGGTAGCACTGGTGGGAGG  150  GABARAPL2  GTTGACATTGACAAACGGAAGTAC  CATAGTTAGGCTGGACTGTGGG  150  HDAC6  CATCCGAACTCATACTCCTGTGC  TAAGACTGTGCTGGGCGTGAT  136  IRGM  CTTGCTGCTGCTCATTCTTTG  CGAGTCTGGAGTTGTTCGTTTC  133  LAMP1  ACAACACGACGGTGACAAGG  TTCATCCCGAACTGGAAGAGC  136  MAP1LC3B  CGCATTTGCCATCACAGTTG  TAGGAGTCAGGGACCTTCAGC  94  RAB24  CAGAAAGTGGCAGAGGATTACG  TGACTACCCAAGCCCAGAAAG  199  RGS19  ATCTACACGCTCATGCACCG  GACAACAACACCTGAAGGGAAC  175  ULK1  CAGCAAAGGCATCATCCACC  GAAGCCGAAGTCAGCGATC  115  WIPI1  CTACCAACTACCTCCCTACCCAG  TGTCCACTGGATGACGCAAC  154 Autophagy assay using the DsRed-LC3 reporter. Autophagy is dependent on the presence of autophagosomes and autolysosomes (8) . LC3, the mammalian ontology of ATG8, is a credible marker for autophagosomes (9) . During the formation of autophagosomes, LC3 will form punctate structures within the cytoplasm that correspond to autophagic vesicles (8, 9) . To develop an autophagy reporter, we fused the LC3 cDNA to the C terminus of DsRed as previously described (10) . To produce stable cell lines continuously reporting autophagy activity, recombinant lentiviruses expressing the DsRed-LC3 reporter were generated and used to infect the cells. The LC3 puncta were visualized with an Olympus BX51 microscope (Tokyo, Japan). DNA was counterstained using DAPI (Sigma).
Cell cycle analysis. Cell cycle analysis using propidium iodide (PI) was performed as previously described (7). Prior to treatment, cells were synchronized in the cell cycle by serum starvation for 24 h. After treatment, the cells were fixed in 80% ice cold ethanol, and incubated with 0.5% Triton X-100 solution containing 1 mg/ml RNase A at 37˚C for 30 min. PI (Sigma) was added to a final concentration of 50 µg/ml followed by a 30-min incubation in the dark. Cellular DNA content was analyzed by a fluorescence-activated cell sorter (FACS; Becton-Dickinson, Franklin Lakes, NJ, USA). Data were processed using ModFit LT software (Verity Software House, Inc., Topsham, ME, USA).
Real-time PCR. Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. After spectrophotometric quantification, 1 µg total RNA in a final volume of 20 µl was used for reverse transcription with PrimeScript RT reagent kit (Takara, Otsu, Shiga, Japan) according to the manufacturer's protocol. Aliquots of cDNA corresponding to equal amounts of RNA were used for quantification of mRNA by real-time PCR using the LightCycler 96 real-time quantitative PCR detection system (Roche Diagnostics, Indianapolis, IN, USA). The reaction system (25 µl) contained the corresponding cDNA, forward and reverse primers, and SYBR-Green PCR Master Mix (Roche Diagnostics). All data were analyzed using β-actin gene expression as an internal standard. The specific primers are presented in Table I .
Statistical analysis. Each experiment was performed a minimum of three times. Results are expressed as the mean value ± standard deviation (SD). Statistical analysis was performed using unpaired Student's t-test. The correlations between microarray assays were analyzed using Spearman's rank correlation analysis. A P value <0.05 was considered to indicate a statistically significant result.
Results

Cytotoxicity of chemotherapeutics against breast cancer cells.
The growth inhibition effects of epirubicin, docetaxel, MTX, CTX, 5-FU and cisplatin against breast cancer cells were evaluated using MTT assays. As shown in Fig. 1 , epirubicin, docetaxel, MTX, CTX, 5-FU and cisplatin suppressed Table II .
Docetaxel and cisplatin induce autophagy in breast cancer cells.
Using the DsRed-LC3 reporter, increased formation of LC3 punctate was observed following the treatment with docetaxel or cisplatin, yet not following other chemotherapeutics, suggesting docetaxel and cisplatin induced autophagy in the breast cancer cells (Fig. 2) .
Cisplatin suppresses breast cancer growth through an autophagy-dependent manner. To verify whether the growth inhibition induced by chemotherapeutics was executed in an autophagy-dependent manner, we investigated the effect of 3-MA, a classic autophagy inhibitor, on the cytotoxicity of the chemotherapeutics. As expected, 3-MA had no effect on epirubicin, MTX, CTX and 5-FU, consistent with the undetectable autophagy by these chemotherapeutics. 3-MA attenuated the cytotoxicity of cisplatin, suggesting that cisplatin suppressed cell growth in an autophagy-dependent manner. Notably, 3-MA strengthened the growth inhibition induced by docetaxel, indicating the autophagy induced by docetaxel impaired its cytotoxicity (Fig. 3) .
Cell cycle regulation by docetaxel and cisplatin in breast cancer cells.
Cell cycle arrest and autophagy are closely linked biological processes (11) . We previously reported that autophagy induction results in G2/M cell cycle arrest. To investigate the mechanism involved in docetaxel and cisplatin-induced growth repression, we carried out flow cytometric analysis. As shown in Fig. 4A , docetaxel induced G2/M cell arrest and decreased the population of cells in the G0/G1 phase. Cisplatin induced accumulation of cells in the S phase (Fig. 4B) , consistent with its DNA crosslinking role (12) . However, with prolonged treatment, an increased G2/M population and annihilation of the G0/G1 population were noted, suggesting that mechanisms beyond DNA crosslinking could be involved. Considering the G2/M population accumulating role of autophagy, we speculated that autophagic cell death could be involved in the G2/M cell cycle arrest by cisplatin.
Cisplatin treatment increases the expression levels of multiple autophagy-related genes. To investigate the mechanism involved in the autophagy-dependent cytotoxicity of cisplatin, we tested the expression levels of 29 genes closely associated with autophagy following treatment with cisplatin. ATG9B, ATG10, ATG16L1, RAB24 and RGS19 were not found to be expressed. Expression of ATG4A, ATG12 and LAMP1 was not changed. ATG4B, ATG9A and WIPI1 were downregulated, while AMBRA1, ATG3, ATG4C, ATG4D, ATG5, ATG7, ATG13, ATG14, ATG16L2, Beclin1, DRAM1, GABARAP, GABARAPL1, GABARAPL2, HDAC6, IRGM, MAP1LC3B and ULK1 were upregulated, and most of the upregulations were >1.5-fold (Fig. 5A) .
Discussion
Autophagy is a homeostatic and evolutionarily conserved process that degrades cellular organelles and proteins, and maintains cellular biosynthesis during nutrient deprivation or metabolic stress (13) . In the present study, we found that induction of autophagy was involved in the cytotoxicity of cisplatin. Mechanistically, cisplatin binds to and causes crosslinking of DNA, which repressed DNA replication and ultimately triggers apoptosis. Consistent with the repression on DNA replication, we found that treatment with cisplatin reduced accumulation of cells at the S phase. Notably, prolonged treatment increased the population of cells in the G2/M phase, suggesting that suppression of DNA replication is not the solo mechanism involved in the cytotoxicity of cisplatin. Considering the close link between autophagy and G2/M cell cycle arrest (11), we speculated that the autophagic pathway could be involved in the cisplatin-triggered G2/M cell cycle arrest and cytotoxicity.
Autophagy is a complex process (Fig. 5B ) that is divided into several distinct phases controlled by the autophagyrelated (ATG) family of proteins (14) . Autophagy begins with the formation of double-membrane vesicles, known as autophagosomes, that engulf cytoplasmic constituents. The autophagosome then fuses with lysosomes, where the sequestered contents undergo degradation and recycling (13) . The formation of the autophagosome could be divided into four stages: induction, nucleation (isolation of the membrane), elongation and completion of the double-membrane vesicle. In the present study, we assessed the mRNA expression of a range of genes closely associated with autophagy following treatment with cisplatin. Several genes participating in the formation of the autophagosome was clearly upregulated. These genes included AMBRA1, ATG3, ATG4C, ATG4D, ATG5, ATG7, ATG13, ATG14, ATG16L2, Beclin1, DRAM1, GABARAP, GABARAPL1, GABARAPL2, HDAC6, IRGM, MAP1LC3B and ULK1, suggesting that cisplatin induced autophagy by affecting multiple steps of autophagosome formation.
The induction stage of autophagy requires the ULK1 kinase complex, which consists of ULK1 (termed as ATG1 in yeast and ULK1 in mammals), ATG13 and FIP200 (15) . ATG13 binds ULK1 and mediates the interaction of ULK1 with FIP200. The ULK1 kinase complex is a critical positive regulator of autophagosome formation. In the present study, both ULK1 and ATG13 were upregulated after treatment with cisplatin, suggesting the induction stage of autophagy was activated.
The vesicle nucleation stage depends on a complex containing Beclin1 (termed as Atg6 in yeast and Beclin1 in mammals), VPS34 and ATG14 (16) . Stimulation of this complex generates phosphatidylinositol-3-phosphate (PI3P), which promotes autophagosomal membrane nucleation. Decreased expression of Beclin1 has been found in several types of cancers, including non-small cell lung (17) and breast cancer (18) . Overexpression of Beclin1 represses cell proliferation, whereas knockdown of Beclin1 boosts cell growth and inhibits apoptosis (17) . In our previous study, autophagy inducer artesunate repressed the growth of breast cancer cells through overexpression of Beclin1. In the present investigation, both Beclin1 and ATG14 were found to be overexpressed after cisplatin treatment. In addition, the activating molecule in Beclin1-regulated autophagy (AMBRA1), which was found to be a positive regulator of the Beclin1-dependent programme of autophagy (19) , was overexpressed upon treatment with cisplatin, suggesting the participation of cisplatin in the nucleation stage of autophagy.
The elongation stage requires the participation of two ubiquitin-like protein conjugation systems, ATG12-ATG5 and LC3-phosphatidylethanolamine (PE). The ATG12-ATG5 conjugation system is a large multimeric complex, in which ATG12 is conjugated to ATG5 by ATG7 (an E1-like enzyme) and ATG10 (an E2-like enzyme), and then forms a complex with ATG16L. In the present study, ATG5 and ATG16L2 were found to be significantly upregulated and expression of ATG7 was also increased slightly, indicating promotion of the formation of the ATG12-ATG5 complex.
LC3 (as termed as ATG8) is a credible marker for autophagosomes. Mammalian LC3 homologs includes MAP1LC3A (LC3A), MAP1LC3B (LC3B), MAP1LC3C (LC3C), GABARAP, GABARAPL1 and GABARAPL2 (20) . During the formation of autophagosomes, LC3 forms punctate structures within the cytoplasm that correspond to autophagic vesicles (9) . In the LC3-PE conjugation system, LC3 is cleaved by the protease ATG4 to generate the LC3-I form. PE is conjugated to cleaved LC3 by an ATG7-and ATG3-dependent activation and transfer cascade to fulfill the conversion of LC3-I (a cytosolic truncated form) to LC3-II (autophagosomal membrane-associated, PE-conjugated form) (21) . LC3-II binds with newly formed complete double-membrane autophagosomes and remains on mature autophagosomes until after fusion with lysosomes into the autophagolysosomes. Thereby LC3-II is commonly used to monitor autophagy. In the present study, overexpression of ATG4A, ATG4C, ATG4D, GABARAP, GABARAPL1, GABARAPL2 and MAPILC3B was observed. Moreover, damage-regulated modulator of autophagy (DRAM1), a lysosomal protein that induces autophagy through lysosomal acidification, fusion of lysosomes with autophagosomes and clearance of autophagosomes (22) , was shown to be overexpressed as well. Mature autophagosomes then fuse their external membranes with those from lysosomes to degrade their cargo and recycle essential biomolecules. Finally, the ATG protein complexes from matured autophagosomes disintegrate (23) .
The relationship between autophagy and tumorigenesis has been extensively explored (24, 25) . However, whether autophagy is protumorigenic or antitumorigenic is still contradictory. In fact, autophagy is either cancer-promoting or cancer-suppressive, depending on the cell type, developmental stage of cancer and the stimulator (24, 25) . On the basis of genetic studies, the tumor-suppressive functions of autophagy are most apparent during tumor initiation (26) . The requirement for autophagy becomes more apparent in later stages, during which tumor cells cope with microenvironmental stress (27) . Some environmental cues (starvation, high temperature, low oxygen and hormonal stimulation) or intracellular stresses (damaged organelles, accumulation of mutant proteins and microbial invasion) activate signaling pathways that induce autophagy-promoting cancer cell survival in these severe environments (28) . Inhibition of protumorigenic autophagy by genetic or pharmacological strategies succeeds in killing tumor cells and triggering apoptosis in vivo (13) . Furthermore, the combination of autophagy inhibitors and chemotherapeutics displays synergistic effects against cancer cells (13) . On the contrary, some effective anticancer agents, such as rapamycin (29) and nilotinib (8) , have been shown to repress cancer cell growth through the induction of autophagy. In our previous study, we confirmed that artesunate, a derivative of the active component of the Chinese medicinal herb Artemisia annua L., repressed breast cancer growth through autophagy induction and exhibited a synergistic anticancer effect with chemotherapy (5). These investigations suggest that both inhibition and induction of autophagy could be potential strategies in cancer treatment depending on whether the participating autophagy is protumorigenic or antitumorigenic.
In the present study, both protumorigenic and antitumorigenic autophagy were observed upon treatment with chemotherapeutics. Autophagy inhibition strengthened the cytotoxicity of docetaxel, yet impaired the cytotoxicity of cisplatin, suggesting the docetaxel-induced autophagy could be protumorigenic, while the cisplatin-induced autophagy could be antitumorigenic. In our previous study, we found that artesunate, an autophagy inducer, did not present a synergistic effect with docetaxel. This could be explained by the present results, as docetaxel itself could induce protumorigenic autophagy. Therefore, therapeutic targeting of the autophagic pathway should take many factors into consideration, as its chemotherapeutic allies may also affect autophagy induction and this effect could be either protumorigenic or antitumorigenic.
